In the present paper, the press fitting of railway wheels is studied with the aim of defining the mechanical and physical parameters to be adopted in order to reduce as much as possible the damaging of both wheel and axle during repeated press fitting and wheel removals. The study has been performed in a theoretical way, through a new multi objective optimisation method based on finite elements analyses. The FEM model has been experimentally validated. Referring to an actual case, the parameters that influences the press fitting process have been determined. The parameters influence was related not only to the mechanical stresses into the structures of wheel and axle respectively, but also to the robustness of the design (sensitivity to the machining tolerances and to friction coefficient variation at the press fit surfaces). Some optimal solutions have been determined and compared (in terms of performances) with an actual production one.
Introduction
The press fitting process of a railway wheel is still today a topic for scientific research (1) - (4) . Many guidelines and standards have been issued on the subject (4) - (10) , but still some important aspects have to be clarified. Actually, the contact stresses between wheel and axle, especially during the press fitting phase, are relatively complicated to be analysed by calculation. In the wheel/hub contact zone, the lubricant interacts with the peaks of the surface roughness of the mating surfaces in a way complex to be modelled. A mathematical model that simulates the press fitting process has still to be validated in an exhaustive manner, although in Ref. ( 3) a first attempt has been performed with success.
In this paper, the problem of designing the wheel and the axle in the hub zone is addressed, in order to keep as low as possible the mechanical stresses during both the press fitting and the removal of the wheel from its seating. In fact, the press fitting of a wheel and the removal of a wheel from its seating are performed several times during a typical life span of a wheelset.
The authors argue that the numerical simulation of the press fitting process is still not fully reliable and therefore only an accurate and deep experimental analysis may allow to define the geometric parameters and, more generally, mechanics and physics that optimise the mechanical behaviour of the press fitting of a railway wheel on its axle.
In the present work the problem of wheel and the axle design in the zone of the mating surfaces has been studied in order to reach an adequate safety level and to minimise the mechanical stresses during the press-fitting phase. To obtain the aforementioned goals, a theoretical preliminary study has been carried out (with the constraints explained before) to simulate the press fitting and removal of a wheel from its seating process.
The developed mathematical model has been validated with satisfactory results. The simulations have been used to define the 'response surfaces' (14) - (16) which represent the mathematical relationship between the design variables and the press fitting performance indexes. Through the use of the response surfaces the design optimisation has been performed. Much attention has been paid in finding those solutions which were optimal and robust, i.e. the solution being insensitive to the uncontrolled variations affecting some parameters of the press fitting process, such as the friction coefficient and the interference between wheel bore and axle diameter.
The obtained results can be considered as a prelimi-nary contribution, very useful to define the goals of a further extensive experimental research aiming to optimally design the press fitting of railway wheels.
Model
The wheel and the axle can be considered symmetric with respect to their axis. Also the orientation of the forces during the press fitting are substantially symmetric with respect to the wheel axis, so in the FEM modelling (13) , axial symmetric elements have been adopted.
Patran v.8.5 and Abaqus v.5.8 have been employed to perform the FEM analysis. Two types of finite elements were used: CAX3 (triangular shaped elements with three nodes and one integration point per element) and CAX4R (four side with four nodes and reduced integration, with only one integration point per element). The whole model (wheel plus axle) has 15 678 nodes and 15 267 elements. The axle model has 12 477 nodes and 12 173 elements. The mesh is refined in the wheel seat zone where the maximum values of stress and related gradients are foreseen. The wheel model presents 2 981 nodes and 2 904 elements.
The mesh is refined at the wheel bore. The contact surfaces, on the wheel bore and on the wheel seat on the axle, have been carefully meshed in order to simulate the stresses applied between the two parts during the press fitting process; the two contact surfaces have been classified as master and slave (11) , (12) , to simulate the interference type ISO H7u6.
The press fitting simulation has been subdivided in 23 steps, each of them representing a fixed position of wheel with respect to the axle, as shown in Table 1 .
For each step, the number of elements being in contact has been defined, by varying the models of slave and master surfaces. The imposed thrust of the hydraulic press on the wheel to fit it onto the axle has been simulated by imposing a fixed amplitude displacement (as reported in Table 1 ) to the nodes representing the hydraulic press. In the actual workshop practice, a determined magnitude of force is imposed through the hydraulic press and during the press fitting process the gradient of the force is monitored to record any change (if there is a sudden large increase, that shows the occurrence of a seizure, the press fitting is stopped (10) ). For press fitting simulation purposes the materials of the wheel and the axle have been considered as isotropic with ideal elastic-plastic behaviour (as shown in Fig. 2 diagram σ-ε). Table 1 Steps subdivision of the press fitting process 
Experimental Validation
The experimental validation of the FEM model presented in the previous section has been performed within a study focused on the removal of a railway wheel from its seating by means of a hydraulic press (3) . The experimental validation of a model very similar to the one presented in section 2 has been performed by comparing the results of FEM analysis with the measured data referring to an actual experiment made in the workshop of the ATM Milano Transport Authority (ATM Milano), Rolling Stock Maintenance Division.
The wheelset has been equipped with strain gauges to study the actual deformations during the wheel removal process. The strain gauges were positioned in the lateral surfaces of the wheel bore (roller bearing side), because in that zone there is no interference with the equipment employed during the wheel removal (see Fig. 3 ). The deformations related to the aforementioned surface give meaningful information about the deformations of the contact surfaces.
In Fig. 4 a comparison is presented between the filtered experimental data and the data obtained from the FEM model. There is a good agreement between the experimental data and the FEM simulation results. Therefore it is reasonable to state that a finite elements model (with axial-symmetric elements) can simulate fairly well the wheel removal (and of course the press fitting of a railway wheel on its axle).
Optimisation and 'Robust Design'
The following parameters have been considered during the optimisation and robust design process (Fig. 5) of the wheel and axle assembly 1. R fillet radius between the wheel bore and its lateral surface ( 
2. α slope of the conic shaped part of the wheel seat on the axle (3
3. L length of the conic shaped part of the wheel seat on the axle (
4. i interference between wheel bore and wheel seat on the axle 5. µ friction coefficient (depending on roughness of the mating surfaces and on the type of lubricant employed) 6. materials employed: one steel type for the wheel, three steel types for the axle (Fig. 2) . Only the steel type R7 (as defined by ORE B98 (8) ) has been considered as the material for the wheel. The material taken in account for the axle were three, namely the steel 30NiCrMoV12 (as defined by UNI 7874), the steel A4T (as defined by ORE (5) , (7), (10) , characterised by a yield stress of 540 MPa) and the steel A1N, (as defined by ORE (5) , (7), (10) , characterised by a yield stress of 410 MPa).
The press fitting performance indexes that have been taken into account are 1. σ VM maximum stress (Von Mises, in the axle or in the wheel) during the press fitting process 2. F force at the end of the press fitting process (maximum force to be imposed through the hydraulic press) 3. ∂σ VM /∂i derivative of the stress with respect to the interference between wheel bore and wheel seat on axle 4. ∂F/∂i derivative of the force with respect to the interference The maximum stress value of σ VM occurs during the first steps of the press fitting simulation process, (precisely σ VM occurs in the wheel bore near the fillet and in the wheel seat behind the conical part).
In Fig. 6 these highly stressed zones are shown. Plastic deformation occurs in these zones for two types of steel axle, namely A1N and A4T. The following studies have been conducted referring to the steel 30NiCrMoV12 that is not plastically deformed (at least theoretically).
The Taguchi method (14) , (15) has been employed to determine the parameters (design variables) which influence mostly the aforementioned performance indexes.
There are four parameters (R, α, L, µ) and one noise factor (i, interference), so a L 8 orthogonal array has been used. With reference to the two possible levels of interference, two sets of the 8 parameters combinations resulting from the L 8 orthogonal array have been considered. In this way 16 different parameters combinations have been used to perform 16 FEM simulations. A SNR (signal to noise ratio) of SIB (smaller is better) type has been adopted to minimise the performance indexes. From the FEM analysis, it turned out that the most influencing parameter on the press fitting force is the type of lubricant (characterised by the friction coefficient µ); also the length of the conic part of the wheel seat on the axle (L) is influencing (two order of magnitude less than the friction coefficient). The most influencing parameter for the maximum Von Mises stress σ VM (both on wheel and on axle) is L (the length of the conic part of the wheel seat), followed by the fillet radius of wheel bore R. Also the mutual influence of the two aforementioned parameters influences the Von Mises stress σ VM .
The Taguchi method allows to get an optimal and robust solution, but only one performance index at a time can be taken into account.
To overcome this limitation, a multi-objective robust optimisation has been performed (18) . The aforementioned optimisation has been performed on the response surfaces (17) , (19) , (20) which have been developed to establish the mathematical relationship among R, α, L, i, µ and the press fitting performances. Differently formulated re- Table 2 Application of Taguchi method to analyse the press fitting process Fig. 7 Comparison between Von Mises stress calculated with FEM model and with response surface sponse surfaces have been tested and compared. To simulate the Von Mises stress (σ VM ) the following formula has been used Figure 7 shows, as an example, the comparison between the data simulated by means of the response surface and the data calculated by means of the FEM model. A good approximation is shown for all of 37 parameter combinations.
After the numerical definition of the relationship among the parameters (R, α, L, i, µ) and the press fitting/shrinking performances (σ VM , F, ∂σ VM /∂i, ∂F/∂i) a multi objective optimisation has been performed to find the optimum setting for the design parameters (R, α, L, µ).
It is straightforward to obtain from the following response surfaces
The derivatives of F and σ VM with respect to i are the design robustness indexes.
By means of the response surfaces, 281 600 solutions have been generated. These solution have been obtained by combining the feasible values for the design variables (defined within the related variation ranges, the amplitude of these ranges has been defined as ±50% of the nominal value). Those solutions have been screened to obtain the Pareto-optimal (and robust) solutions (21) . In this way 522 Pareto-optimal solutions have been determined.
Among these 522 solutions only three solutions have been selected (see Table 3 ). For these solutions the FEM simulations have been performed, the expected good agreement between the data produced by FEM model and data computed by means of the response surface has been found.
The Pareto-optimal solution #203 represents the most robust solution because it is the solution with the lowest values of the derivatives of the force F and of the Von Mises stress σ VM with respect to the interference i. Furthermore the Pareto-optimal solution #203 represents the Table 3 Multi objective and robust optimisation problem solutions Table 3 . It is worth noting that the variation of the press fitting force F is mainly influenced by the value of the friction coefficient, defined almost entirely by the type of lubricant used. A decrease of 10% of the friction coefficient implies a subsequent decrease of 10% of the press fitting force F (by comparing the reference solution and the reference solution with µ = 0.09). F may be influenced also by the shape of the conical part of the wheel seat on the axle (by comparing the reference solution with the solution #203). The maximum stress σ VM does not decrease by changing the geometric parameters.
The optimisation is performed not only to reduce the maximum stress σ VM , but also to improve the robustness of the design, which is defined as the insensitivity of both F and σ VM to the variation of the interference i.
The Fig. 8 shows the optimisation result. Not always the length of the conic part of the wheel seat on the axle must be stretched. The slope of the conic part must be increased. The fillet radius R on the side of the wheel bore should always be large.
Obviously these results comply with the constraints (verified later by calculation) related to the force needed to remove the wheel from its seat and to the fretting wear of the wheel seat on the axle.
Conclusion
In the paper the press fitting process of a railway wheel on its axle has been studied. The final aim is to design the mating contact surfaces of wheel and axle in order to minimise the damage of the wheel seat and of the wheel bore during the relatively frequent operations of press fitting and removal of the wheel from its seating.
Although only an extensive and accurate experimental test campaign may give a reliable contribution to solve the addressed problem, in this paper a preliminary and important contribution has been given to understand the phenomenon of the press fitting (and removal) of a wheel on (from) its axle. The influence of the geometric and physical mechanical parameters (friction, lubricant viscosity/contact surfaces roughness) on the stress conditions during the press fitting phase has been investigated on the basis of a FEM analysis. An experimental validation of the FEM model (related to the removal of a wheel from its seating) has been performed.
The relationship between the press fit design variables and the performance indexes have been approximated by using response surfaces. The optimisation of the design of a wheel and axle in the contact zone (wheel bore and wheel seat on the axle) has been performed.
The optimisation has been carried out by taking into account robustness, i.e. the sensitivity of the performances indexes to the value of the interference between wheel bore and axle.
By defining in a correct manner the values of the design variables it is possible to obtain a reduced sensitivity to the machining tolerances (interference), and at the same time a reduction of the axial thrust and reduced stresses both in the axle and in the wheel. Plastic deformation on the axle can be eliminated (or dramatically reduced) by employing the steel 30 NiCrMoV12.
